Opportunistic infections constitute a major challenge for modern medicine mainly because the involved bacteria are usually multiresistant to antibiotics. Most of these bacteria possess remarkable ability to adapt to various ecosystems, including those exposed to anthropogenic activities. This study isolated and identified 21 multiresistant opportunistic bacteria from two polluted rivers, located in Algiers. Cadmium, lead, and copper concentrations were determined for both water samples to evaluate heavy metal pollution. High prevalence of Enterobacteria and non-fermentative Gram-negative rods was found and a nontuberculous Mycobacterium (NTM) strain was isolated. To the best of our knowledge, this is the first detection of NTM in the Algerian environment. The strains were tested for their resistance against 34 antibiotics and 8 heavy metals. Multiple antibiotics and heavy metals resistance was observed in all isolates. The two most resistant strains, identified as Acinetobacter sp. and Citrobacter freundii, were submitted to plasmid curing to determine if resistance genes were plasmid or chromosome encoded. Citrobacter freundii strain P18 showed a high molecular weight plasmid which seems to code for resistance to zinc, lead, and tetracycline, at the same time. These findings strongly suggest that anthropized environments constitute a reservoir for multiresistant opportunistic bacteria and for circulating resistance genes.
INTRODUCTION
Opportunistic bacteria are normally nonvirulent bacteria that take advantage of an immune system depression to express their pathogenicity. A compromised immune system may result from recurrent infections, advanced human immunodeficiency virus (HIV) infection, genetic predisposition, and medical treatments such as immunosuppressive agents for organ transplant recipients, chemotherapy for cancer, or long-term antibiotic treatments (Fishman ) . More generally, opportunistic bacteria can cause disease when the host's defense is weakened, whatever the reason and the duration of the host's failure. This is particularly true for hospital-acquired diseases, called nosocomial infections, which cause increasing mortality rates and healthcare costs, worldwide (Lynch et al. ) .
In Algeria, 9,103 people were diagnosed HIV-positive in 2014 and the corresponding prevalence rate was estimated at 0.1%. The number of HIV infections is considered as relatively stable as 700 to 800 new cases have been diagnosed annually since 2009 (UNAIDS ). Nevertheless, diabetes as 4.4 million people were living with this chronic disease in 2012. Furthermore, the prevalence of diabetes is continually increasing (Lamri et al. ) . Consequently, the potential candidates of opportunistic infections are being constantly augmented in Algeria.
One of the most problematic characteristics of opportunistic pathogens is that they usually display low susceptibility to antibiotics, which makes them particularly hard to eradicate (Martinez ) . Therefore, the impact of opportunistic infections has notably increased in the last two decades and many opportunistic bacteria are now being considered as emerging pathogens.
Epidemiological studies report that predominant opportunistic infection-associated bacteria include Enterobacteriaceae and non-fermentative Gram-negative rods, Gram-positive Staphylococci, Enterococci and Micrococci, and some genera of the Actinobacteria group (Cabrera et al. ) . These past few years, nontuberculous mycobacteria (NTM) have A major part of these opportunistic bacteria are defined as ubiquitous since they possess a great metabolic versatility allowing them to adapt to various environments, such as polluted and non-polluted waters, soils and many other ecological niches (Berg et al. ) .
Microbial aquatic ecosystems, mainly those exposed to anthropogenic activities, represent important vehicles for the dissemination of human-associated microorganisms and may constitute a reservoir for the spread of resistance genes among bacterial communities (Amos et al. ) .
Indeed, as a consequence of uncontrolled discharge of waste products from hospitals and industries, aquatic environments are principal recipients of contaminant residues such as antibiotics and heavy metals. The contaminants present in these waters constitute a selective force in bacterial communities which may acquire heavy metals and antibiotics resistance genes allowing them to survive. It has been suggested that genes encoding resistance to heavy metals can be located together with antibiotic resistance genes on either the same genetic structure (such as plasmids or integrons), or different genetic structures within the same bacterial strain. Moreover, resistance to heavy metals has been reported to enhance the antibiotic resistance ability of bacteria (Chen et al. ) . Antibiotics overused in hospitals and heavy metals used in industry are, thus, creating a disturbance in microbial ecosystems to which bacteria adapt by developing abilities to resist and survive.
Oued El-Harrach, in east Algiers, and Oued BeniMessous, in west Algiers, both receive effluents from many industries and hospitals and from domestic sewage. These two rivers discharge directly into the Mediterranean Sea, without any treatment. The aim of this study was to investigate the presence of multiresistant opportunistic bacteria in these two polluted rivers in Algiers, allowing us to estimate the bacteriological pollution threat to immunocompromised human subjects.
METHODS

Sampling sites
Oued El-Harrach is one of the largest rivers in the Algiers region. It originates in the Blidean Atlas (near Hamam Melouane) and discharges into the Mediterranean Sea, after a 67 km-long course. Oued El-Harrach is located in east central Algiers, one of the most heavily populated regions of Algeria, and is known to be a highly polluted river as it receives all the domestic effluents of the principal communes of the capital. Significant industrial activity takes place near this river (mainly in the Baba Ali and Central Algiers industrial zones), comprising paper, metallurgy and tannery industries as well as plastic and hydrocarbons transformations. All these industries are responsible for chemical pollution, especially with heavy metals. As well, Oued ElHarrach receives the Zemirli hospital effluent which may contain antibiotic residues.
Oued Beni-Messous is a smaller river located in the western suburb of Algiers. It extends from the Beni-Messous commune to 'Les Dunes' beach, where it discharges into the sea, and has a total length of about 10 km. Oued BeniMessous is located in a densely populated and industrialized area. It receives the domestic sewage of all the neighboring communes (Beni-Messous, Cheraga, Dely-Ibrahim, and Bouzareah) and is directly polluted by the effluents of the Beni-Messous hospital. The industrial activity near the river mainly consists of food (meat and milk transformation), metallurgical, and tannery industries which are known to generate heavy metal pollution. In the Oued Beni-Messous area pharmaceutical industries are also located and which probably cause the release of drug residues (as antibiotics or antiseptics).
The locations of the rivers are shown in Figure 1 .
Sample collection
In order to avoid the dilution effect caused by rainfall, we chose to carry out the sampling campaigns during the dry period of the year. Accordingly, the collecting campaign took place in May, 2014 
Physicochemical analysis and determination of heavy metal concentrations
Water temperature and pH were measured in situ using a portable pH meter (HI 98128, HANNA Instruments) whereas cadmium, copper, and lead concentrations were determined using a SOLAAR MQZ Zeeman air-acetylene flame atomic absorption spectrometer (Thermo Fisher Scientific).
Multiresistant opportunistic bacteria isolation
Opportunistic bacteria belong to a broad range of phylogenetic groups which possess diverse metabolic exigencies. Thereby, rich media which enable the growth of a great majority of bacteria, including exigent ones, have to be used. For this purpose, we chose to cultivate the samples on Brain Heart Infusion Agar (BHIA, Difco). In order to select multiresistant bacteria, the medium was supplemented with three antibiotics (40 U/ mL polymyxin B, 16 μg/mL nalidixic acid (NA), 20 μg/mL vancomycin (VA)), an antifungal (4 μg/mL amphotericin B), and an antiseptic (500 μg/mL cycloheximid).
For each sample, 50 mL of water was concentrated by centrifugation at 6,000 rpm for 20 minutes and the resulting pellets were recovered and inoculated on antimicrobial supplemented BHIA plates. For each 50 mL volume, five Aerobic and anaerobic Gram-negative rods were identified by API 20 NE and API 20 E galleries, respectively (API system, Biomerieux, France).
Strains presenting particular macroscopic or microscopic characteristics and which were not stained by Gram technique were tested for Zhiel-Neelsen staining, which was performed from colony fragments of the isolated subcultures.
For some of the strains, a confirmative molecular identification was carried out by 16S rDNA sequence analysis.
DNA purification, polymerase chain reaction (PCR) amplification and sequencing of the 16S rRNA gene were performed as described previously (Ben DhiaThabet et al. ).
Phylogenetic analysis
Molecular Evolutionary Genetics Analysis (MEGA) software, In addition, for the Mycobacterium genus, susceptibility was tested for rifampicin (RIF) 5 μg (Hi-media, India).
The results were interpreted according to the guidelines of the Antibiogram Committee of the French Society for
Microbiology. Escherichia coli ATCC 25922 was used as a control strain for antimicrobial susceptibility testing.
Determination of minimum inhibitory concentrations of heavy metals
For each strain, the minimum inhibitory concentrations (MICs) of heavy metals were determined by spot plate method as described by Malik & Aleem ( ZnCl 2 , and LiCl, were added to Mueller Hinton agar at varying concentrations, ranging from 12.5 to 3,000 μg/mL. The plates were incubated at 30 W C for 48 hours to 10 days.
The MIC was defined as the minimum concentration of heavy metal which inhibits the growth of the tested strain, and the resistant thresholds for heavy metals were set as:
12.5 μg/mL for mercury, 200 μg/mL for cadmium and copper, and 100 μg/mL for zinc, lead, chrome, cobalt, and lithium (Malik & Aleem ) .
Plasmid curing
The most antibiotic and heavy metal resistant strain of each sample was selected and submitted to plasmid curing in order to determine the location of the resistance genes. Overnight cultures of the strains were grown in Luria-Bertani broth (Difco) supplemented with 100 μg/ mL of acridine orange dye, set as the sub-inhibitory concentration which can inhibit plasmids' replication. A control tube lacking curing agent was also included in the experiment. The tubes were incubated at 30 W C for 24 hours. Contents of the tubes were then plated on nutrient agar.
After incubation, 300 cured derivatives were recovered with sterile toothpicks and transferred onto nutrient agar plates, at the rate of 52 clones per plate, as shown in Figure 2 .
Each cured derivative along with its parental strain was then subcultured in selective media supplemented with the previously tested antibiotics and heavy metals. A complete antibiogram was carried out for the cured derivatives that did not grow on selective media.
Isolation of plasmid DNA
The plasmid DNA was extracted as described by Birnboim & Doly () and visualized through agarose gel electrophoresis according to standard procedure. Electrophoresis was carried out at 80 V for 3 hours on a 0.8% agarose gel.
1 kb plus DNA ladder and λ DNA digested with EcoRI and HindIII were used as standard markers.
RESULTS
Physicochemical characteristics and heavy metal concentrations
The physicochemical characteristics and the heavy metal concentrations measured in Oued El-Harrach and Oued
Beni-Messous are presented in Table 1 .
Isolation and identification of multiresistant opportunistic bacteria
The selective isolation of multiresistant opportunistic bacteria, from the two river waters, was carried out on a rich Table 2 and the macroscopic features of some of them are illustrated in Figure 3 .
The most represented genera were Aeromonas and Escherichia, each genus counting three strains, followed by Acinetobacter, Pseudomonas, and Bordetella (two strains, each). Other rod-shaped Gram-negative genera (represented by one strain, each) were Klebsiella, Proteus, Citrobacter, Enterobacter, Pasteurella, and Brevundimonas.
Strain PA1 presented yellow colonies and Gram-positive cocci arranged in tetrads. It was found to be catalase and oxidase positive. These characteristics allowed us to preidentify the strain as belonging to the genus Micrococcus.
Strain TA5 was slightly stained by Gram technique and
presented inlaid orange colonies with a woolly appearance.
The microscopic observation showed lightly Gram-positive, long, filamentous and tangled bacilli. These specifications suggested that the strain belonged to the Actinobacteria group.
Strain SA11 was not stained at all by Gram technique and formed rough, friable, and cauliflower-shaped colonies in isolated cultures.
On the basis of these morphological characteristics, a Zhiel-Neelsen staining was done for TA5 and SA11 strains.
Strain TA5 was partially stained while strain SA11 responded positively and showed pink-colored long bacilli, dispersed or forming irregular clumps, suggesting that the latter belonged to the genus Mycobacterium (Figure 4) . A phylogenetic analysis was carried out, and the resulting phylogenetic trees are shown in Figure 5 .
Determination of antibiotic resistance
An antibiogram was carried out for the 21 isolated strains against 34 molecules representing 13 different antibiotic families. The antibiotic resistance profiles are presented in Table 1 and the resistance frequencies are shown in Table 3 .
No significant differences between resistance frequencies in Oued El-Harrach and Oued Beni-Messous isolates were noticed (Table 3) .
A high level of resistance was observed against β-lactam antibiotics. Indeed, P had the highest resistance frequency (20/21 strains) followed by OX (19/21), AMP and AMX (18/21). As well, 18 strains were resistant to CH (first-generation cephalosporin), whereas 17 and 16 strains were resistant to CAZ (third-generation cephalosporin) and CJ (second-generation cephalosporin), respectively. However, no resistance was found against IMP.
In the quinolones family, a high resistance frequency was noted for NA (20/21) whereas 12 and 6 strains were resistant to PI and CIP, respectively.
Nineteen isolates were L resistant (lincosamides) and 17
were VA resistant (glycopeptides) while 18 and 12 strains were resistant to B and CS (polypeptides), respectively.
Aminosides, macrolides, TEs, streptogramins, aminocoumarins, phenicols, and SSSs showed lower resistance frequencies (ranging from 1 to 11 resistant strains).
None of our strain was resistant to NI (nitroquinolines).
As the strain SA11 was confirmed to belong to the genus Mycobacterium by molecular tools, its sensibility was tested against RIF. The strain was RIF resistant.
All isolates exhibited resistance to multiple antibiotics with a minimum of 7 and a maximum of 25 antibiotics at the same time ( The MICs for each heavy metal are presented in Table 1 and the resistance patterns are shown in Table 5 . In addition, all of the strains showed multiple heavy metal resistance with a minimum of 6 resistances at the same time. Indeed, 14 strains were resistant to all 8 heavy metals tested. Most of them were not only resistant but displayed relatively high MICs for all heavy metals, considering their resistance ranges: for lithium, 17 strains were inhibited at MIC of 3,000 μg/mL while for lead 14 strains were inhibited at MIC of 1,000 μg/mL (Table 5) . this is the first study in Algeria to report the detection of a NTM in the environment. Indeed, Algerian studies report the isolation of clinical NTM strains from sputum of immunodepressed patients (Natéche ) and an animal-associated NTM new species from a goat lung lesion (Sahraoui et al.
). Nonetheless, this would be the first time that NTM were recovered from an environmental source in Algeria.
In this work, all the isolated strains showed multiple antibiotics resistance with a minimum of seven resistances at the same time. Both studied rivers receive hospital effluents that may contain antimicrobial residues. It has been reported that wastewater discharges from hospitals were associated with an increased prevalence of antibiotic resistance (Elmanama et al. ) . Furthermore, even exposure to low concentrations of antimicrobial agents over long periods of time may result in selection and consequent spread of resistance to antibiotics (Chen et al.
).
Hsu et al. () pointed out that this remarkable ability of bacteria to resist various antibiotics might reflect the history of antibiotic applications, thus allowing bacterial resistance to be used as an indicator of antibiotic application.
In our study, except for IMP for which all the strains were sensitive, the β-lactams family had the highest resistance frequencies. These antibiotics, possessing a broad spectrum of activity, are commonly prescribed in the therapeutic scheme of various infections, especially for those involving Gram-negative rods. However, it is reported that these bacteria are increasingly resistant to these molecules, mainly by β-lactamase and suggest a probable co-location of the implied genes in the same plasmid or integron which are, thus, more likely to be transferred together among bacteria.
As well, it has been suggested that resistance mechanisms involved in antibiotic resistance were also involved in metal resistance. Indeed, an efflux pump that can extrude both antibiotics and heavy metals has been described by Mata et al. () . This implies that the presence of heavy metals in the environment is sufficient to select resistance genes involved in both antibiotic and heavy metal resistances. Thereby, the fact that Oued Beni-Messious and Oued El-Harrach contain heavy metals suggests that this contamination constitutes a selective pressure that could have led to the bacterial multiresistance determined in this study. P18 were selected for their high levels of resistance and submitted to plasmid curing in order to determine their resistance determinants. After the curing process, strain L4
did not show any change in its resistance abilities and its plasmid profile analysis revealed no loss of plasmid DNA compared to the parental strain. From these observations, we concluded that either the multiple antibiotics and heavy metals resistance was chromosome encoded or the curing process did not target the aimed markers. In contrast, one cured derivative of strain P18 lost its resistance towards TE, zinc, and lead. The plasmid profile analysis showed that the cured variant was lacking a high molecular weight plasmid.
We deduced that genes encoding for resistance to zinc, lead, and TE were encoded by the same plasmid.
These results strongly suggest the existence of a correlation between heavy metal and antibiotic resistance encoded by genes that are located in the same genetic structure and can, thus, be transferred together. Otherwise, if a bacterium acquires this plasmid, it will acquire resistance to zinc, lead, and TE at the same time.
Plasmids are known to be the ideal vehicles for recruitment and dissemination of resistance genes because of their ability to be transferred among bacteria, even when they are not phylogenetically related. It is now well known that this phenomenon has greatly contributed to the spread of antibiotic resistance among clinical and environmental bacteria. It has to be noted that plasmid can not only carry resistance genes but also code for virulence factors, conferring pathogenicity to the microorganisms. Thus, when bacteria acquire plasmids they acquire more than one characteristic implied in their danger for human beings.
CONCLUSIONS
This study proves that Oued El-Harrach and Oued BeniMessous, which contain copper, lead, and cadmium, shelter opportunistic bacterial communities presenting an important rate of resistance to antibiotics and heavy metals. As well, for the first time in Algeria, a multiresistant NTM strain has been recovered from an environmental source. These findings suggest that these environments can constitute a potential path of transmission for opportunistic infections.
Both the rivers studied receive hospital and industry effluents that could have led to the presence of antibiotics and heavy metal residues. This chemical pollution has, necessarily, an impact on the resistance ability of our strains, which certainly harbor important resistance genes.
Plasmid curing of Citrobacter freundii strain P18 showed that three of its resistance determinants were located together in the same plasmid which can be transferred to other bacteria.
Thus, the rivers studied constitute a reservoir for circulating transmissible genes that participate in the emergence of antibiotic resistance and imply consequences on human health.
Thereby, health authorities should acknowledge a particular interest in the assessment of this bacterial pollution threat.
